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†VTT Bio- and Chemical Processes, Espoo, Finland; and ‡Physical Chemistry, Lund University, Lund, SwedenABSTRACT The surface properties of high-density lipoproteins (HDLs) are important because different enzymes bind and
carry out their functions at the surface of HDL particles during metabolic processes. However, the surface properties of HDL
and other lipoproteins are poorly known because they cannot be directly measured for nanoscale particles with contemporary
experimental methods. In this work, we carried out coarse-grained molecular dynamics simulations to study the concentration of
core lipids in the surface monolayer and the interfacial tension of droplets resembling HDL particles. We simulated lipid droplets
composed of different amounts of phospholipids, cholesterol esters (CEs), triglycerides (TGs), and apolipoprotein A-Is. Our re-
sults reveal that the amount of TGs in the vicinity of water molecules in the phospholipid monolayer is 25–50% higher compared
to the amount of CEs in a lipid droplet with a mixed core of an equal amount of TG and CE. In addition, the correlation time for the
exchange of molecules between the core and the monolayer is significantly longer for TGs compared to CEs. This suggests that
the chemical potential of TG is lower in the vicinity of aqueous phase but the free-energy barrier for the translocation between the
monolayer and the core is higher compared to CEs. From the point of view of enzymatic modification, this indicates that TG mol-
ecules are more accessible from the aqueous phase. Further, our results point out that CE molecules decrease the interfacial
tension of HDL-like lipid droplets whereas TG keeps it constant while the amount of phospholipids varies.INTRODUCTIONHigh-density lipoprotein (HDL) particles play an important
role in the reverse cholesterol transport (RCT) (1). In this
process, cholesterol and other lipid molecules are trans-
ported from extrahepatic tissues to the liver. The efficiency
of RCT, especially the HDL-mediated cholesterol efflux
from arterial wall lipid-laden macrophages, is thought to
be important in the prevention of coronary heart disease
(2). Because the effectiveness of RCT is tightly linked to
the rate of different enzymatic processes, it is important to
understand the key regulatory mechanisms behind these
processes. Because many enzymes and proteins involved
in the lipoprotein metabolism carry out their function at
the lipoprotein droplet surfaces (3), it is likely that the sur-
face properties of HDL particles play an important role in
these processes.
Spherical HDL particles are composed of a hydrophobic
core (containing cholesterol esters (CEs), triglycerides
(TGs), and a small amount of unesterified cholesterol),
which is covered by an amphiphilic monolayer comprised
of phospholipids, cholesterol, and different apolipoproteins,
with the main protein component being apolipoprotein A-I
(apoA-I). The diameter of spherical HDL particles is
ranging from 7 to 12 nm (1).
In this work, we focus on two important surface proper-
ties of HDL-like lipid droplets: the concentration of core
lipids in the surface monolayer and the interfacial tension.
The amount of core lipids in the interfacial monolayer is
an important regulatory factor regarding enzymes that trans-Submitted July 16, 2012, and accepted for publication February 14, 2013.
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tein (CETP) and different lipases. On the other hand, the
adsorption of proteins at the interface (4,5) and the amount
of core lipids (6–8) can be regulated by changing the surface
pressure (interfacial tension). Interfacial tension is also
related to the shape and stability of lipid droplets as recently
discussed in Ollila et al. (9). Consequently, it is obvious that
these properties are very interesting in regard to understand-
ing the functionality of HDL in the RCT. In addition to lipo-
proteins, the surface properties of cytosolic lipid droplets
play an important role, e.g., in cholesteryl ester lipolysis,
which has been recognized as a rate-limiting step in the
cholesterol efflux from macrophages (10).
These properties are very difficult to study experimentally
in nanometer-sized lipid droplets, but similar macroscopical
interfaces can be studied, for example, with droplet tensiom-
eter and Langmuir troughs (4,6,11). Also, measurements for
vesicles and emulsion particles can be exploited to under-
stand the features of nanoscale lipid droplets (12,13). How-
ever, it is not known how well the experimental conditions
in the above-mentioned systems reflect the behavior of
lipids in highly curved nanoscale lipoprotein particles with
molecular composition regulated by physiological pro-
cesses. For example, the binding of human apolipoproteins
E3 and E4 to an emulsion droplet surface has been shown to
be dependent on the particle size (14). These issues are dis-
cussed in a recent molecular dynamics simulation study
concerning interfacial tension (9).
In this work, we use coarse-grained molecular dynamics
simulations to study the influence of core composition and
presence of apoA-Is on the interfacial tension, and the
core lipid concentration in the monolayer. Thanks to thehttp://dx.doi.org/10.1016/j.bpj.2013.02.058
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methodologies, it is computationally efficient to run
coarse-grained simulations of HDL-like lipid droplets
(15–17). Furthermore, we can now computationally calcu-
late the interfacial tensions for spherical droplets (9,18).
We simulated HDL-like lipid droplets composed of 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), TG
(18:1,18:1,18:1), and CE (18:2) molecules. We systemati-
cally increased the number of surfactant lipids with different
CE/TG ratio in the core and analyzed the interfacial concen-
trations of core lipids and interfacial tensions. In addition,
we analyzed the effect of embedding two and four apoA-
Is at the interface. According to our results, the solubility
of TG to the interface is higher compared to CE, which
makes TGs more accessible for enzymatic modifications.
Furthermore, we found that interfacial tension is less depen-
dent on POPC amount when TG is present in the core. For
this reason, the interfacial tension increases when CE:TG
ratio in the core decreases. We also found that the addition
of the first two apoA-Is to the CE-POPC particle lowers the
interfacial tension only slightly, but the addition of the third
and the fourth apoA-Is has a more drastic effect.MATERIALS AND METHODS
Simulation details
To begin, we constructed initial configurations for lipid droplets without
apoA-Is by adding or removing lipids from the previously simulated
HDL particle models (19). Then the lipids were solvated with 10,000 water
beads, which was followed by 500-step energy minimizations. With this
procedure, systems with CE/TG ratios of 1:0, 1:1, and 0:1 in the core
were constructed. These cores were surrounded by 0, 60, 100, or 140
POPC molecules. Subsequently, all systems were simulated up to 5 ms
(effective MARTINI time, i.e., the real simulation time is multiplied by 4
(15), the total number of simulation steps was 62,500,000, and the timestep
was set to 0.02 ps). The systems were labeled as S0–S9 and the number of
molecules in each simulation are displayed in Table 1. As an example, the
end configuration snapshots from simulations S5 and S7 are shown in
Fig. 1.TABLE 1 System composition, radii of gyration (Rg (nm)),
Laplace radii (Rs (nm)), interfacial tensions (gs (mN/m)), and
water-accessible hydrophobic surface for the simulations
(SAHA (nm2))
System CE TG POPC apoA-I Rg RL g SAHA
S0 80 0 0 0 2.1 2.7 36 122
S1 80 0 60 0 2.7 3.7 31 70
S2 80 0 100 0 3.0 4.0 30 51
S3 80 0 140 0 3.2 4.6 23 38
S4 40 40 0 0 2.3 2.9 36 121
S5 40 40 60 0 2.8 3.7 33 73
S6 40 40 100 0 3.1 4.0 31 56
S7 40 40 140 0 3.3 4.3 28 43
S8 0 80 0 0 2.5 3.0 31 124
S9 0 80 140 0 3.4 4.4 32 41
SP2 80 0 100 2 3 3.8 25 29
SP4 80 0 100 4 3 4.0 15 28
Biophysical Journal 104(10) 2193–2201In addition, we carried out simulations containing two or four apoA-Is
embedded in the lipid droplet with 100 POPC molecules and CE/TG ratio
of 1:0 in the core. The apoA-I model (amino acids 40–243 of apoA-I) is
based on the recently published structure of the trefoil model around spher-
ical HDL particles (20). The structure for the trefoil model of apoA-I is
available in the Protein Model Database (http://mi.caspur.it/PMDB/) with
accession No. PM0075240. One apoA-I was added to the trefoil model in
5:5 registry fashion (see the Supporting Material) to produce a tetrafoil
model of apoA-Is. The reason for the incorporation of an additional
apoA-I was that, on average, spherical HDL particles consist of four
apoA-Is (20). The atomistic tetrafoil model of the apoA-Is was then
coarse-grained. The secondary structure of apoA-I was mostly a-helical,
but proline residues and amino acids next to prolines were modeled as
random coil structures. The coarse-grained tetrafoil model of apoA-Is
was placed around the lipid droplet with 100 POPCs and 80 CLs (system
S2). Next, 500-step energy minimization and short vacuum simulation
were carried out to get the apoA-Is attached to the lipid droplet surface.
A quantity of 20,000 water beads was added to the system after which
the system was simulated up to 5 ms. We refer to the apoA-I system as
SP4. At the end of SP4 simulation, two apoA-Is were removed from the sys-
tem and the system with two apoA-Is (SP2) was simulated for 5 ms.
We used VMD (21) in the construction of the simulation systems,
GROMACS 4 (22) and the MARTINI force field (15,16), in all the simula-
tions. The model for POPC is part of the standard MARTINI force field
(15). Models for CE and TG were constructed from MARTINI building
blocks, as described in Vuorela et al. (17). The extension of MARTINI
for proteins (16) was used to model apoA-Is.
All systems were considered equilibrated after 2 ms when no drifting in
molecular contacts occurred. The Berendsen coupling scheme with
coupling constant of 1.0 ps1 was used to set the temperature to 320 K
and couple pressure isotropically to 1.0 bar (23). The core of the native
HDL particles is assumed to be in a liquid state. To ensure that this is the
case also in our simulations with pure CE cores, we have chosen the simu-
lation temperature of 320 K, which is above the melting temperature of CE
(18:2) (24). Cutoffs for Lennard-Jones and electrostatic interactions were
set to 1.2 nm. In Lennard-Jones interactions, shift function was introduced
at 0.9 nm. These are standard parameters of the MARTINI force field
(15,16).Analysis methods
The three-dimensional radial number density of lipid molecules was deter-
mined by the g_rdf program included in the GROMACS package (22). To
calculate the amount of CEs and TGs solubilized to phospholipids, we
calculated the number of contacts between the polar beads of CEs (the
ES bead) or TGs (the GLY bead) and water beads. The number of polar
groups of core lipids located closer than 0.75 nm from the nearest water
bead was calculated by using the g_mindist program available in the
GROMACS simulation package. The cutoff 0.75 nm was chosen because
the distance distribution between water and ES or GLY beads had two
distinct peaks corresponding to the interfacial and the core region. The min-
imum between these two peaks is located at the 0.75 nm that was chosen to
separate the interfacial and the core regions. The radius of gyrations Rg
were calculated using the g_gyrate program included in the GROMACS
package and all lipids were included in the calculations. Order parameters
for POPC acyl chain beads were defined as
Sn ¼ 3
2

cos2qn
  1
2
; (1)
where qn is the angle between the vector from bead n1 to nþ1 and the
normal of the droplet. This was done with the g_order program included
in the GROMACS package.
The Laplace radii and interfacial tensions were calculated by using its
connection to local pressure as described in Ollila et al. (9). Briefly, we
FIGURE 1 Radial density profiles showing the
distribution of core and surface lipids in lipid
droplet simulations S0-S8 (above). (Black refers
to POPC, red to CE, and purple to TG.) Snapshots
from the end of simulations of S5 and S7 to visu-
alize the distribution of core lipids in lipid droplets
when surface pressure is increased (bottom). (Left
simulation snapshots) Slice from the center of par-
ticles. (Right snapshots) Surface of droplets. (Gray
sticks) POPC molecules. (Blue spheres) NC3
beads. (Red) Cholesterol esters. (Indigo) Triglycer-
ides. (Green spheres) GLY (TG) beads. (Yellow
spheres) ES (CE) beads. For clarity, the water
beads were removed from the snapshots.
Interfacial Properties of Small Lipid Droplets 2195divided the system into a grid (with a spacing of 0.2 nm), calculated the
local pressure tensor in each cube in the grid, transformed the tensor in
every cube to spherical coordinates, and then averaged over angular coor-
dinates to find transverse pT(r) and normal prr(r) components of pressure
tensor as a function of radial distance from the center of mass (18). Then
equations
gs ¼ 
ZN
0

r
Rs
2
½pTðrÞ  prrðrÞdr (2)
and
R3s ¼
ZN
0
r2½pTðrÞ  prrðrÞdr
ZN
0
r1½pTðrÞ  prrðrÞdr
(3)were used to calculate Laplace radius and the interfacial tension. The core
was assumed to be bulk when r < 1.0 nm for all the systems expected for
the system S0 when r < 0.5 nm. In bulk pT(r) ¼ prr(r), the integrand in
Eqs. 2 and 3 is zero. The error bars, calculated by varying this location
by 1 nm, were53 for SO and51 for the rest of the systems. For more de-
tails and discussion, see Ollila et al. (9).
The surface pressure P(A) is defined to be the reduction of interfacial
tension due to the presence of interfacial monolayer
PðAÞ ¼ g0  gðAÞ; (4)
where g0 is the interfacial tension without surfactants. Note that in this
description the interfacial tension with surfactant (and surface pressure) de-pends on the area per surfactant A. This corresponds to a situation where the
number of surfactant molecules at the interface is constant when the area is
changing. This assumption is reasonable if the exchange rate of molecules
between interface and bulk is slower than the timescale of the studied phe-
nomena. This is a plausible situation in physiological lipid droplets because
the exchange rate for phospholipids with long tail (>12 carbons) is very
slow (several hours) (25), which is much slower compared to the modifica-
tion rates of enzymes. In this work, the interfacial tension always refers to
the Laplace interfacial tension, which satisfies the Laplace equation with
the Laplace radius.Biophysical Journal 104(10) 2193–2201
FIGURE 2 Number of contacts between core lipid ES (CE) or GLY (TG)
beads and water beads. The standard deviations for the number of contacts
are two.
2196 Koivuniemi et al.To estimate the exchange rates for lipid molecules between interfacial re-
gion and core region, we defined a normalized correlation function
CiðtÞ ¼ hHiðtÞHiðt þ tÞit
HiðtÞ2

t
; (5)
where Hi(t) is a binary function having the value of 1, when the distance
between water and polar bead of a lipid (GLY for TG,ES for CE) is
%0.75 nm, and the value of 0 otherwise. This correlation time will decay
to zero after the time t when all the polar beads, which were in the interface
at the time t, are transported to the core. Then the correlation time tc for the
transport was calculated by integrating Ci(t),
tc ¼
ZN
0
CiðtÞdt: (6)
The solvent-accessible hydrophobic surface area (SAHA) was calculated
by using the g_sas program included in the GROMACS package (22).
All acyl-chain and sterol carbon superatoms (beads) were considered as hy-
drophobic beads. Headgroups and ester-bond regions of lipids were classi-
fied as hydrophilic. The radius of the solvent probe was set to 0.43 nm.RESULTS AND DISCUSSION
Distribution of core lipids
Radial density profiles with respect to the center of mass of
lipid droplets are shown in Fig. 1. The radial density profiles
show significantly different behavior for CE and TG in the
core and interfacial regions.
In the mixed core lipid systems, CE concentrates next to
the phospholipid region in the core, wheras TG molecules
fills the innermost part. This result can be interpreted as
an indication of microphase separation of the core into TG
inner core and CE outer core layers, as suggested previously
by Pregetter et al. (26) in the case of LDL particles. On the
other hand, the amount of TGs at the water-phospholipid
interface is higher when compared to CEs as seen from
the other density maximum in the monolayer region. These
features are also present but less pronounced in previous
simulations studies due to the lower relative amount of
TG (17,19,27).
The accessibility of core lipids from the aqueous phase is
important, e.g.. for the activity of CETP, and different li-
pases’ hydrolyzing core lipids. To estimate the accessibility,
we calculated the number of polar groups for each core lipid
located closer than 0.75 nm from the nearest water mole-
cule. The results are shown in Fig. 2. The number of polar
beads in the vicinity of water molecules is ~25–50% higher
for TG compared to CEs in the system with the mixed core.
This is in accordance with the density profiles in Fig. 1 and
emulsion particle experiments where the amount of TGs at
the surface was reported to be twice the amount of CEs (12).
The number of polar groups in the vicinity of water always
decreases for core molecules when POPC is added. Interest-
ingly, the decrease is more pronounced for TG than CE in
the system with the mixed core. This is in accordanceBiophysical Journal 104(10) 2193–2201with the changes in the density profile where the second
maximum of TG density is decreasing in the monolayer re-
gion when the amount of POPC is increasing. In the pure TG
core system S9, the number of surface-located TGs was 33
(data not shown), indicating that CEs can replace ~30% of
TGs at the surface when the amount and type of the sur-
face-located core lipids are considered in systems S9 and
S7. It should be noted that the presence of free cholesterol
might influence these results because the addition of choles-
terol to a lipid bilayer decreases the solubility of TGs,
whereas in the case of CEs the effect of cholesterol is
smaller (28,29).
Density distributions are similar also in the mixed droplet
without surfactant in a sense that TG has a local density
maximum close to the water-lipid interface and CE concen-
trates in the layer just below interfacial TG. The preference
of TG molecules to locate at the interface could be ex-
plained by a higher polarity or a lower structural energy
of a molecule at the interface. The minor differences in
the SAHAs between TG and CE systems, shown in Table 1,
do not support the first option. The higher interfacial energy
for CE could arise, for example, from energetically unfa-
vored horseshoe-like conformation at the interface (7,30).
Because our main focus is in HDL-like droplets containing
phospholipid monolayer, we do not analyze this further.
The different behavior between TG and CE in the pres-
ence of phospholipids is probably related to the interactions
with TG/CE and phospholipids. To analyze the effect of
core lipids on POPC monolayer, we calculated the order pa-
rameters of acyl-chain beads. The results for S1–S6, SP, and
SP2 systems are shown in Fig. 3. The order parameters are
clearly increasing with increased amount of POPC at the
interface when only CE is present in the core. With the
mixed TG/CE core, the order parameters are essentially un-
changed with increasing amount of POPC. Generally, order
parameters are higher or equal in the system with mixed
core compared to the pure CE core. These results suggest
that the TG has a stronger ordering effect on POPC mono-
layer especially with lower POPC concentrations. Our re-
sults can be interpreted such that intrinsically TG prefers
to be at the interface, but in the presence of POPC it is
pushed away due to decreased entropy the of POPC
monolayer.
FIGURE 3 Order parameters for POPC acyl chains in simulations S1–
S6, SP2, and SP4. (Black lines) Pure lipid droplet simulations. (Red lines)
Simulations in which apo A-Is are also present.
FIGURE 4 Pressure profiles for lipid droplets in simulations: S1–S3, S5–
S7, S0, S4, S8, SP2, and SP4. (Black lines) Transverse pT(r). (Red lines)
Normal prr(r) components of the pressure. (Black points) POPC density
maxima, which are taken from the data in Fig. 1.
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Interfacial tensions for simulated droplets were calculated
by using pressure profiles as described in Materials and
Methods and in Ollila et al. (9). Calculated pressure profiles
and interfacial tensions for droplets with different core com-
positions are shown in Fig. 4 and Table 1, respectively. The
calculated TG-water interfacial tension 315 1 mN/m (sys-
tem S8) is in good agreement with the experimental value
32 mN/m (31), as already shown in Ollila et al. (9). The
calculated interfacial tension for both the pure CE droplet
(system S0) and the mixed CE/TG droplet (system S4)
was 36 mN/m, which is somewhat larger compared to the
pure TG droplet. Seemingly similar values for the pure
CE system and the mixed one might be due to a nontrivial
surface behavior of molecules or a relatively large error
bar (53 mN/m) for the pure CE system. In the only exper-
imental measurement for interfacial tension of the CE-con-
taining systems, the interfacial tension was essentially
unchanged when small amounts (<4 wt %) of CE were
added into triolein (32).
From Table 1 we see that the interfacial tension decrease
due to the addition of surfactant phospholipids (POPC) de-
pends on the core lipid composition. The higher the relative
concentration of CE, the stronger was the observed
decrease. For example, the interfacial tension decrease due
to the addition of 140 POPC molecules was 13 mN/m and
8 mN/m with the CE and the mixed TG/CE cores, respec-
tively, whereas with pure TG core there was essentially no
decrease. On the other hand, by comparing systems S3,S7, and S9, we observed a clear increase in interfacial ten-
sion when CEs were replaced by TGs in the core whereas
the amount of POPCs was unchanged. In all, our results
indicate that CEs lower the interfacial tension, whereas
TGs reduce the changes due to monolayer composition
changes. This would also indicate that CEs render droplets
more stable with all surface compositions whereas TG
buffers the interfacial property changes caused by the mod-
ifications in monolayer composition.
The buffering effect of TG is already suggested in recent
experimental work, in which interfacial tension change due
to area per PC change was found to be very small in the area
per molecule region where TG is escaping from the mono-
layer (6). Our simulations are in agreement with this picture
because the second maximum of TG density profile in the
monolayer region decreases when POPC amount is
increased, whereas much lower variations are found in the
CE density profile. In conclusion, we suggest that TG mol-
ecules leave from the monolayer region when the number of
phospholipids increases and vice versa, such that the inter-
facial tension changes are buffered. On the other hand, CE
is present in the monolayer region with all phospholipid
concentration decreasing the interfacial tension. For quanti-
tative considerations, it should be noted that the buffering
region in the used model extends to too small an area per
molecule compared to experiments (see recent simulation
study in Ollila et al. (9)).
The origin of the lower interfacial tension in the systems
containing CE seems to be the positive peak of the pressure
profile inside a lipid droplet, and is next to the interfacialBiophysical Journal 104(10) 2193–2201
2198 Koivuniemi et al.region (see Fig. 3). The peak clearly decreases when TG is
introduced into the system. However, it is more difficult to
understand the physical origin of this because the peak
arises from a complex sum of different interactions. Another
possible explanation for the results could be the increase of
volume and the water-accessible hydrophobic surface of the
droplet due to replacement of CE by TG. However, this
cannot explain the difference between systems S6 and S8,
and the differences are so small that it is probably not the
main reason.
We decided to ensure that the used model gives the same
prediction also for planar interface because the interfacial
tension in those is experimentally measurable (6). For this
purpose, we simulated flat TG-water and CE-water inter-
faces covered with POPC monolayer having a different
area per molecules. The surface pressure area isotherms
were calculated by using a trilayer setup as in a recent study
(9), and are shown in Fig. S2 in the Supporting Material.
The results in Fig. S2 contain the same qualitative features
as the results for small lipid droplets because the interfacial
tensions are higher for TG systems compared to CE sys-
tems. Thus, our prediction should hold also for flat inter-
faces and systems with lower curvatures, like LDL and
VLDL particles.
The interfacial tension is relatively high in all the parti-
cles studied here. This means that droplets with the compo-
sitions studied in this work would not be thermodynamically
stable. However, they might be kinetically stabilized by an
energy barrier, which has to be overcome before fusing
with other droplet. For further discussion see the next sec-
tion and Ollila et al. (9).Influence of ApoA-I protein
The analysis above was conducted for the lipid droplets
without proteins. However, physiological lipid droplets are
usually covered by a number of proteins having an impor-
tant role in their functionality, which is the case in HDL
as well. To elucidate the effect of apoA-I on the surface of
HDL-like lipid droplets, we embedded two and four
apoA-Is in the surface of an S2 droplet system. As for the
droplets without apoA-Is, we calculated the number of
core lipids at the surface and interfacial tensions.
From Fig. 2 we see that the number of polar parts of CE in
the vicinity of water phase decreased with increased amount
of apoA-Is in the droplets. Comparison among systems S2,
SP2, and SP4 suggests that one apoA-I excludes ~6 CEs
from the surface. This means that two apoA-Is would
exclude 35% of interfacial CEs—i.e., close to their interfa-
cial coverage, calculated to be roughly 30% in the previous
work (9).
Also, interfacial tension is decreasing due to addition of
apoA-I proteins. However, the decrease is not linear,
because the addition of two interfacial proteins causes
decrease of 5 mN/m whereas addition of four causesBiophysical Journal 104(10) 2193–2201decrease of 15 mN/m. The decrease of interfacial tension
due to addition of two apoA-I proteins is slightly larger
than 2 mN/m in previous calculations (9). Plausible explana-
tion for the small difference between these studies is that, in
previous work, the droplets with proteins also contained TG
molecules, which seems to reduce interfacial tension
changes. In the previous study, we suggested that, despite
a significant surface coverage, the addition of two proteins
does not change lipid monolayer properties nor decrease
the interfacial tension due to the attraction between phos-
pholipids and protein (interfacial tension antagonism effect)
(9). These results suggest the addition of two extra proteins
causes a more drastic decrease in interfacial tension. Two
extra proteins also significantly increase order parameters
of POPC acyl chains, as seen in Fig. 3, which indicates a
higher packing of monolayer. In conclusion, we suggest
that two or fewer proteins have a slight influence on interfa-
cial tension due to the interfacial tension antagonism effect
whereas addition of more proteins starts to decrease interfa-
cial tension due to higher packing of monolayer. Interfacial
tension changes induced by C46 and N44 fragments of
apoA-I peptides in PC/TG droplets as a function of initial
surface pressure were recently measured by Mitsche and
Small (11). The surface pressure of S2 droplet before pro-
tein addition was 6 mN/m in our simulation. According to
the experiments by Mitsche and Small (11), the N44 and
C46 segments would decrease the interfacial tension
(increase surface pressure) by ~8 mN/m and ~13 mN/m,
respectively. These results are in good agreement with our
calculated values, even though the experiments are not
directly comparable to the simulations because the experi-
ments are done for essentially flat interfaces in equilibrium
adsorption conditions.
The surface pressure for HDL3 particles has been esti-
mated by using surface pressure-area isotherms for lipids
and exclusion pressures for proteins, and estimations vary
between 20 mN/m and 33 mN/m (33–35). A previous simu-
lation study reported 12 mN/m for HDL with two apo-AI
proteins (9). Subtracting the calculated interfacial tensions
of SP2 and SP4 systems from the interfacial tension of CE
oil droplet (simulation S0) gives surface pressures of
11 mN/m5 4 and 21 mN/m5 4 for SP2 and SP4 systems,
respectively. The calculated values are smaller compared to
the experimental estimates. The main reasons for this are
probably the absence of cholesterol molecules in our simu-
lations and inaccuracies in the used model, as discussed in
the previous study (9). All experimentally (33–35) and theo-
retically (9) determined surface pressure and interfacial ten-
sion values for HDL and LDL droplets, including this study,
are relatively large. This would suggest that these droplets
are kinetically stabilized, not thermodynamically stable.
This is possible also in physiological systems because drop-
lets are constantly modified in circulation by different en-
zymes. The metastable nature of lipoprotein droplets was
already discussed in our previous work (9).
TABLE 2 Calculated mean surface localization times for CE
and TG in different simulations based on autocorrelation
functions
System tCE (ns) tTG (ns)
S1 88 —
S2 72 —
S3 56 —
S5 36 296
S6 36 292
S7 36 236
SP2 48 —
SP4 24 —
The mean interfacial times are given as effective MARTINI time (the real
simulation time multiplied by four).
Interfacial Properties of Small Lipid Droplets 2199Exchange of TGs and CEs between monolayer
and core
To study the exchange rate of CEs and TGs from the mono-
layer region to the core, the surface localization correlation
functions for the polar beads of CE and TG molecules (ES
and GLY, respectively) were calculated by using Eq. 5.
The correlation functions are shown in Fig. 5 and the related
correlation times, calculated by using Eq. 6, are shown in
Table 2. The correlation times are roughly an order of
magnitude longer for TGs compared to CEs, implying that
the exchange of surface TGs is much slower compared to
CEs. This means that the energy barrier for transferring
TG between core and interface is higher compared to the
one for CE.
The slowest correlation functions in Fig. 5 reach zero
values roughly in 2 ms, which indicates that this should be
a minimum simulation time for this kind of systems. Our re-
sults suggest that the TG molecule spends 7–8 times longer
on average in the interface compared to CE, which might be
relevant for the diffusion of molecules into CETP.CONCLUSIONS
In this work we have studied the amount of surface-located
core lipids and interfacial tension of HDL-like lipid droplets
as a function of core and interfacial lipid compositions.
Furthermore, we studied the effect of apoA-I molecules to
these properties. The study was done by using molecular dy-
namics simulations with the coarse-grained MARTINI force
field.
Because there are 25–50% more TGs and they spend, on
average, 7–8 times longer in the vicinity of water phase
compared to CE, the relative rate of an enzyme to transport
or hydrolyze TGs should be higher compared to CE. This
suggests that, for example, CETP could prefer the exchange
TGs over CEs even when the ratio of CEs and TGs in the
lipoprotein would be equal, or even less. The relative solu-
bility of TGs and CEs into a monolayer is in agreement with
the experiments on lipid emulsion by Miller et al. (12). InFIGURE 5 Autocorrelation functions for the contacts between W-ES
(black or red) and W-GLY (purple) beads.addition, CEs can replace TGs at the surface to some extent,
providing an explanation as to why the addition of CEs to
phospholipid-TG systems decreased the lipolysis rate of
TGs by lipoprotein lipase (36).
The density in the monolayer region and the number of
polar groups in the vicinity of water decreased for core
lipids with an increasing number of POPC molecules in
all systems, as expected. Interestingly, the decrease was
more pronounced for TG than CE molecules in the systems
with a mixed CE/TG core. This suggests that the chemical
potential increase in the interfacial region due to increasing
amount of POPC is more substantial for TG than for CE. On
the other hand, the exchange of TG molecules between
monolayer and core regions was clearly slower compared
to CE molecules. This indicates a higher energy barrier
associated with the transfer of TG molecules between inter-
face and core compared to CE molecules.
Expectedly, the interfacial tension also decreased when
the number of POPCmolecules was increased. The decrease
was more pronounced in the systems with the pure CE core
compared to the mixed CE-TG core systems. With pure TG
core the interfacial tension seems to be essentially un-
changed even though the number of POPCs is increased
from 0 to 140. The protein-induced decrease in interfacial
tension was also slightly higher than in the previous study
where the core contained more TG (9). The results are in
qualitative agreement with the experiments even thought
some quantitative differences exists (6,9). In conclusion,
we suggest that the presence of CE in a lipid droplet core de-
creases the interfacial tension and makes it more dependent
on surfactant lipid concentration. These suggestions could
be tested with the experimental setup, combining droplet
tensiometer and Langmuir trough, as presented in Mitsche
et al. (6).
Interesting physiologically relevant hypothesis can be
formulated based on our results. Regarding lipoprotein
metabolism, lipoprotein particles are constantly remodeled
in circulation or taken up by the cell-by-cell surface recep-
tors. Many of these processes are regulated by surface prop-
erties, like interfacial lipid content and interfacial tension, ofBiophysical Journal 104(10) 2193–2201
2200 Koivuniemi et al.lipoprotein particles. To demonstrate the potential impor-
tance of our results at the physiological level we present
three practical examples, where we employ our findings:
1. Our findings suggest that core lipid lipolysis can be regu-
lated by the lipid and apolipoprotein composition
because it is well known that the surface concentration
of core lipids is important for the activity of various lip-
olysing agents, such as lipoprotein lipase (36).
2. We suggest that TG molecules are more accessible for
CETP compared to CEs. This may favor the transporta-
tion of TGs over CEs by CETP, even when the concentra-
tions of TGs and CEs are equal.
3. We suggest that CE lowers the interfacial tension (more
stable droplets) while TG buffers the interfacial tension
changes due to the composition changes of the surface
monolayer. For example, the core lipid composition
changes from a TG-rich to a CE-rich core during the con-
version of VLDL into LDL in circulation. Based on our
results, we suggest that the higher CE fraction makes the
surface pressure of LDL particles more sensitive to the
variations in monolayer compared to VLDL particles.
On the other hand, assuming a constant area per phos-
pholipid during the conversion, the surface pressure of
the LDL particle would be higher than the surface pres-
sure of the VLDL due to a higher fraction of CE. This
would stabilize the particle and decrease the binding of
apolipoproteins to the surface of the LDL particles.
In addition to the discussed topics, the surface pressure of
lipoprotein particles can modulate the conformation of sur-
face-bound apolipoproteins as was proposed by Wang et al.
(37). However, this topic is not discussed in this work.SUPPORTING MATERIAL
Additional information for the construction of simulation systems, and the
surface tension calculation results for the planar simulations are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(13)00366-4.
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